Migration of stem cells
significant increase in relocalization of the HFSCs near the infundibulum (within 80 μm of the epidermis) at 8 hours after wounding (Supplementary Figure 1C ). However, by 16 hours post-wounding, we observed a measurable increase in the frequency of HFSCs close to the infundibulum (Supplementary Figure 1C ) and by 24 hours, they are detected at the infundibulum ( Figure 1B, Supplementary Figure 1C ). Thus we have uncovered a novel phenomenon wherein migration of HFSCs precedes their proliferation in the niche, typically observed in the bulge after 72 hours of wound-healing 22 . This observation is similar to the behavior of keratinocytes in the wounded epidermis, where the immediate wound-proximal region of the epidermis has only migrating cells followed by a proliferative zone 23, 24 .
To test if the results from the analysis of HFSC migration in response to injury is recapitulated in the genetic model of wound-healing (C8cKO) we mapped the localization of HFSCs in neonatal mice when the skin phenotype develops 6,10 , ( Figure  1C ). At this stage, the hair follicle is still in morphogenesis when there is no defined bulge and Sox9 expression can be observed along the entire length of the hair follicle 20 with a substantial accumulation within 50-100 μm of the epidermis. However, in the C8cKO skin, there is a noticeable accrual of HFSCs localizing within the infundibulum region of the hair follicle (< 50 μm). Using the image analysis algorithm, we have observed a statistically significant increase in the HFSC localization within the infundibulum of the postnatal day 4 (p4) C8cKO skin ( Figure 1D ). Interestingly, at this p4 timepoint, in the genetic model of wounding, we do not detect any Sox9 expressing HFSCs in the epidermis ( Figure 1E ). Nevertheless, as the wound healing phenotype advances in postnatal day 6-7 mice, there is a progressive increase in the number of HFSCs detected in the interfollicular epidermis ( Figures 1C and E) . This result recapitulates the phenomenon observed in the edge of an excisional wound wherein there is increasing amounts of HFSCs in the epidermis beginning one day after wounding and thereafter (Figures 1A and E).
To further confirm the trend of HFSCs redistribution along hair follicles as migration, we scored for the activation of genes that can impact their chemotactic behavior. Analysis of published transcriptome data obtained from HFSCs isolated from unwounded and wounded skin 21 yielded a set of genes ontologically associated with cell migration (Supplementary Figure 1D ). From this dataset, select migration associated genes were tested for their expression at different time points post excisional wounding (Supplementary Figure 1E ). This analysis demonstrated a significant upregulation of migratory genes by 8 hours following excisional wounding ( Figure 1F ). The observation that the HFSC migration gene program is activated (at 8 hours) even before a measurable HFSC flux out of the niche is observed (at 16 hours), supports previous observations that HFSCs activate the wound-response program at the gene expression level considerably before they physically start migrating out of their niche 25 . A similar trend in the expression of the migration genes is seen in the epithelial compartment of the C8cKO skin from p4 mice prior to their entrance into the interfollicular epidermis of the skin ( Figure 1F ). Altogether, these results suggest that the C8CKO mouse recapitulates both the migratory gene signature as well as the motility behavior of the HFSCs in response to an excisional wound. We therefore exploited the C8cKO skin as a platform to dissect the molecular mechanisms regulating the homing behavior of HFSC from the hair follicle to the epidermis.
Caspase-1 is a critical regulator of HFSC migration to the epidermis.
An important feature that is conserved between the excisional wound and the C8cKO is the activation of the Caspase-1 containing inflammasome.
The inflammasome is a macromolecular complex in the cytosol that mediates the unconventional secretion of many inflammatory cytokines including IL-1α 6, 10 . In particular, IL-1α mediates the reciprocal interactions between epidermal keratinocytes and dermal fibroblasts to promote proliferation of basal epidermal stem cells. Moreover, IL-1α also mediates the crosstalk between epidermal keratinocytes and resident dendritic epidermal T-cells to promote HFSC proliferation 11 . Consequently, mice lacking caspase-1 (C1 -/-) exhibit a delay in wound closure by affecting epithelial stem cell proliferation in different niches of the skin 6 . We find that caspase-1 expression is upregulated as early as 8 hours of wound-healing ( Supplementary Figure 2A) , a time frame corresponding with the upregulation of HFSC migration genes. Given its effects on proliferation, we hypothesized that caspase-1 may also influence re-epithelialization of the wound by regulating the migration of HFSCs to the epidermis. To test this hypothesis, we analyzed the distribution of HFSCS along the hair follicles in C8cKO skin lacking caspase-1 (C8cKO/C1 -/-) and compared it to their localization in C8cKO and WT skins ( Figure 2A ). The HFSCs found to be epidermally directed (present within the infundibulum) in the C8cKO skin at p4, is substantially reduced in the C8cKO/C1 -/skin ( Figure 2A ). Quantitative analysis of HFSC localization along hair follicles in these mice indeed revealed that the increased frequency of HFSCs in the infundibulum (< 50 μm from the basal layer of the epidermis) in the C8cKO mice relative to its wild type counterpart is significantly reduced in the absence of Caspase-1 (C8cKO/C1 -/-) ( Figure  2B ). This suggests that epidermal chemotaxis of HFSCs is dependent on Caspase-1. This suggests that the initial chemotaxis of HFSCs towards the epidermis is largely dependent on Caspase-1. We further validated whether these observations from the genetic wound-healing model, are applicable to excisional wounds in the C1 -/mice. In mice lacking caspase-1 wound wound-healing is slower and epidermal thickness is inhibited 6 . Similar to wild-type mice, the largest proportion of HFSCs in the C1 -/mice are present in the bulge region (150-250 μm from the epidermis) under homeostatic (unwounded) conditions ( Figures 2C, D) . Within 16 -24 hours of the wound-healing program, unlike the wild-type skin, we do not observe migration of HFSCs into the infundibulum (< 50 μm) in the C1 -/mice ( Figure 2D, Supplementary Figure 2B ). The defect in migration is even more pronounced in the C1 -/background at later timepoints as the HFSCs begin to populate the epidermis. At 24 hours of wound-healing, in the wild type skin, the number of HFSCs in the epidermis proximal to wound edge is 2.5 times higher than distal hair follicles 500 μm from the wound bed ( Figure 2E ). This is consistent with many reports that cellular activity is spatially restricted to an area immediately adjacent to the site of tissue damage 9, 23, 26 . However, in the wounded skin lacking caspase-1, the number of HFSCs in the epidermis at the proximal wound edge is comparable to the numbers found distal to the wound site ( Figure 2E ). This data clearly demonstrates that the robust migration of HFSCs into the epidermis during wound-healing is critically dependent upon the presence of Caspase-1. We next examined whether the effect of caspase-1 on HFSC migration is a manifestation of its impact on the same migratory genes that are upregulated in both the genetic and excisional wound healing models ( Figure 1F ). Expression of several of the migration associated genes is reduced in the C8cKO/C1 -/epidermis and the C1 -/wound when compared to the C8cKO epidermis and WT wound respectively ( Figure 2F ). Interestingly, the upregulation of these migration associated genes recover at later timepoints, thereby demonstrating a later, caspase-1 independent phase of HFSC migration (16 -24 hours, Supplementary Figure 2C ). Consistent with this, though there is a significant delay in early stages of HFSC emigration to the epidermis we ultimately observe a large number of epidermal HFSCs by 2-3 days of wound-healing in the C1 -/mice (Supplementary Figure 2D ). This suggests that caspase-1 is a critical initial catalyst of HFSC homing into the epidermis that is further supplemented by alternative signaling pathways to reinforce stem cell chemotaxis into this tissue.
HFSC migration to the epidermis is mediated by soluble chemotactic cues.
An important question that arises from this observation is the mechanism by which caspase-1 regulates HFSC migration. The canonical function of caspase-1 as an inflammatory molecule is well studied in immune cells as well as in non-myeloid cells like keratinocytes 27, 28 . Caspase-1 is expressed as a zymogen which undergoes activation upon binding to intercellular complexes known as inflammosomes. The activation of Caspase-1 is required for the cleavage and release of cytokines and several molecules that mediate diverse cellular processes such as survival, inflammation and tissue repair 29 . We wondered whether it is this caspase-1 dependent secretome from stressed keratinocytes that is regulating the HFSC chemotaxis observed in both the excisional and genetic model of wound-healing. To test if soluble chemotactic factors released from wounded-keratinocytes regulate HFSC migration, we utilized a transwell migration assay with wild-type isolated HFSCs 30 and scored their chemotactic index in response to conditioned media (CM) prepared from either wild-type or C8cKO epidermis. In comparison to wild-type epidermal CM, C8cKO CM could significantly enhance HFSC migration ( Figure 3A ). However, epidermal CM from C8cKO/C1 -/mice did not exhibit any HFSC migration promoting activity. This result supports the hypothesis that soluble cues released from wounded keratinocytes stimulates HFSC migration in a Caspase-1 dependent manner. Importantly, the chemotactic cues found in the C8cKO CM does not appear to be a generic stimulus for epithelial stem cell migration as the CM does not enhance chemotaxis of primary mouse epidermal keratinocytes (Supplementary Figure 3A) . This suggests that the factor(s) controlling epidermal homing of HFSCs are unique from the classical regulators of epidermal keratinocyte motility 31 . This unconventional mechanism partly explains the elusive nature of understanding wound-induced HFSC chemotaxis.
Keratinocyte stress leads to caspase-1 activation and release of IL-1α, which we previously reported to be important to stimulate both epidermal stem cell and HFSC proliferation 11 . IL-1α mediates the reciprocal interactions of epidermal keratinocytes and dermal fibroblasts to induce proliferation of keratinocytes of the basal layer of the epidermis 10 . We have also found that IL-1α mediates the crosstalk between epidermal keratinocytes and resident dendritic epidermal T-cells that ultimately results in the stimulation of HFSC proliferation 11 . Despite the importance of IL-1α signaling on the proliferation of different epithelial stem cell pools in the skin, we previously observed that it does not affect the migration of the HFSCs into the epidermis 11 . In light of the fact that the previous tests of the usual candidates of chemotactic factors did not impact directed cell migration of HFSCs, we focused on the often overlooked fact is that Caspase-1 activation also results in its own unconventional secretion 10, 29, 32, 33 . This can be in response to stress stimuli such as UV irradiation or wounding of keratinocytes 10, 29, 34 . Though the secretion of caspase-1 is a well-documented phenomenon, the function of this extracellular caspase-1 is largely unknown. We found that epidermal keratinocytes are a major source of extracellular caspase-1 ( Figure 3B ). When we mimicked the wound-reaction in human keratinocytes by simply knocking down caspase-8 the cells responded by increasing the release of caspase-1, which we measured in the conditioned media ( Figure 3B ). We probed whether the presence of extracellular caspase-1 indicates an unknown activity of the molecule in mediating the extensive network of intercellular crosstalk that would induce HFSC chemotaxis in a wound microenvironment. To test this hypothesis, C8cKO-CM was immunodepleted of caspase-1 and its effect on HFSC migration was investigated ( Figure 3C ). Resonating with the data in Figure 3A , we find that the removal of extracellular caspase-1 from the CM results in the loss of migration in HFSCs ( Figure 3C ). The intracellular role of caspase-1 as part of the inflammasome to mediate unconventional secretion of proteins is primarily dependent on its catalytic function 29 . Hence we tested whether the catalytic activity of extracellular caspase-1 present in C8cKO-CM is required for HFSC chemotaxis. Upon inhibiting caspase-1 activity in the conditioned media using a cell impermeable inhibitor, we found no reduction in migration ( Figure 3D ). Altogether, these results suggest that extracellular caspase-1 has a novel, non-catalytic role of promoting the chemotactic migration of HFSCs.
Recombinant Caspase-1 is sufficient to induce HFSC migration to the epidermis:
Our data demonstrates that extracellular caspase-1 is necessary to promote the directed migration of HFSCs, but is it sufficient to trigger this process? To test this, we bacterially expressed and purified (Supplementary Figure 4A ) murine pro-Caspase-1 having catalytic function (rCasp-1 WT) or mutated at cysteine 284 (C284A) 35 to abolish its catalytic activity (rCasp-1 C284A). The identity of the recombinant proteins was confirmed by mass spectrometry and their catalytic activity was verified by a substrate cleavage assay (Supplementary Figure 4B) . Whereas the purified rCasp-1 WT was efficient in cleaving its substrate, the rCasp-1 C284A is indeed catalytically dead. We then tested whether the wild-type or the mutant protein is sufficient to stimulate HFSC chemotaxis. In comparison to control treated samples, both the rCasp-1 WT and rCasp-1C284A proteins had equal potential to induce chemotaxis of HFSCs ( Figure 4A ). This supports our earlier observation based on pharmacological data that the catalytic function is dispensable for Caspase-1 to operate as a HFSC chemoattractant ( Figure  3D ). Moreover, the capacity of Caspase-1 to induce migration in HFSCs is independent of their proliferation, as measured by the response of mitomycin C treated HFSCs to rCasp-1C284A in comparison to untreated HFSCs ( Figure 4B ). This supports the observations made in Figures 1 and 2 , where we found that the early migratory wave (at 16 -24 hours) of HFSCs in a caspase-1 dependent manner is independent of proliferation in the niche. This finding is consistent with recent reports that during the reepithelialization process of wound healing, migrating cells and proliferating cells are two spatially distinct populations 23, 24 Extending on this in vitro observations, we assayed for the capacity of rCasp-1C284A to induce HFSC migration to the epidermis in skin explants from C1 -/mice. Indeed, we find that there is relocalization of HFSCs to the interfollicular epidermis upon treatment with rCasp-1C284A ( Figure 4C ). Given this unusual catalytic-independent function of caspase-1 as a chemoattractant, we next investigated which domain is responsible for this novel activity. Caspase-1 is comprised of an N-terminal Caspase Activation Recruitment Domain (CARD), followed by the p-20 and p-10 domains 35 . Autoproteolysis results in the separation of these individual domains, followed by the heterodimerization of the p20 and p10 domains into the catalytically active form. Since the catalytic activity is not required for inducing HFSC migration, we focused on the CARD domain which is the protein-protein interaction region of caspase-1 36 . The murine Caspase-1 CARD was tagged with polyhistidine, bacterially expressed and purified by affinity chromatography (Supplementary Figure 4C) , and then tested for its ability to induce HFSC migration. We found that the CARD of caspase-1 was sufficient to induce HFSC migration in vitro ( Figure 4D ). To test whether this phenomenon is likewise conserved in the 3D organoid system, we treated explants of full thickness skin punch biopsies with purified CARD domain. This treatment revealed that CARD is sufficient to induce the migration of HFSCs upwards into the infundibulum of the hair follicle ( Figure 4E ). These results indicate that extracellular Caspase-1 mediates its non-canonical chemotactic function largely by its CARD.
Caspase-1 is a regulator of stem cell responses in the skin during UV damage:
Our data demonstrates that wounding leads to the release of extracellular caspase-1 from stressed keratinocytes, which acts as a chemotactic factor to elicit HFSC migration to the epidermis. However, this is not the only scenario reported to exhibit the secretion of caspase-1. Skin carcinomas 37, 38 and other inflammatory skin diseases such as psoriasis 8 , atopic dermatitis 39, 40 and sunburn 7 , are all marked by caspase-1 activation. Thus we examined whether extracellular caspase-1 mediated HFSC migration into the epidermis is a conserved phenomenon that may explain the epithelial hyperplasia associated with these pathologies. In particular, we investigated whether UV irradiation could induce HFSC migration in vitro and ex vivo. Since UV irradiated mouse keratinocytes release caspase-1 29,34 , we tested whether conditioned media collected within 4 hours of irradiation is capable of stimulating HFSC chemotaxis.
We found that CM of UV irradiated keratinocytes can significantly enhance HFSC chemotaxis compared to CM from non-irradiated keratinocytes ( Figure 5A ). We also examined whether UV irradiation of mouse skin explants displayed epidermal homing behavior of HFSCs in a caspase-1 dependent manner. Within 16 hours of UV irradiation of mouse skin explants, we observed HFSCs migrating upwards along hair-follicles to the epidermis in wild-type skin ( Figure 5B ). However, there was a substantial reduction in the number of HFSCs homing into the epidermis in C1 -/skin explants exposed to UV irradiation ( Figures 5B and C) .
Altogether a model emerges wherein Caspase-1 is an important mediator of both inflammatory signaling as well as stem cell migration in wound-healing and other skin pathologies characterized by inflammation. This novel chemotactic function is mediated by the extracellular caspase-1, more specifically by its protein-protein interaction domain CARD. Our work elucidates the role of extracellular caspase-1 as a bulge specific HFSC chemoattractant but it might have similar roles on other stem cells in skin appendages known to participate in wound-healing. 
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